. Scintillation cocktail R otiszint R l l was from R o th (K arlsru h e). H orse serum was from Behringw erke M arburg, it was essentially free of m yco plasm a. M icrocillin was from B ayer (E lb erfeld ).
It is becom ing increasingly likely th a t pyru v ate, a key anaplerotic m etab o lite, may play a regulatory role in cell proliferation. S upplem ents o f p y ruvate to tissue culture m edium en hance the pro liferatio n of certain types of m am m alian cells in culture [1] [2] [3] , especially w hen cell densities are low. In som e types of cells an inverse relationship betw een levels of serum derived grow th factors and the en h an cem en t o f cell proliferation by pyruvate and 2-oxo-carboxylates has been d em o n strate d [4] [5] [6] [7] , P yruvate not only stim ulates the grow th of cells in cu ltu re, b u t also affects their differentiation [8 , 9] .
M alignantly transform ed cells have altered grow th factor and n u trie n t req u irem en ts in culture [10, 11] . . Scintillation cocktail R otiszint R l l was from R o th (K arlsru h e). H orse serum was from Behringw erke M arburg, it was essentially free of m yco plasm a. M icrocillin was from B ayer (E lb erfeld ).
Cells a n d g ro w th techniques
H y perdiploid E hrlich ascites tu m o r cells, strain E L T -B o n n [12] w ere serially grow n in the p erito n eal cavity o f fem ale N M R I m ice. Cells for explantatio n to cultures in vitro w ere usually w ithdraw n from mice inoculated 4 -5 days previously and tran sfe rred to m odified E ag le's m edium supplem ented w ith 15% horse seru m , 30 mg/1 streptom ycin and 575 mg/1 m icrocillin, to obtain a suspension of 5 x 105 cells/ml of culture m edium in 600 ml non-siliconized glass flasks. G row th was estim ated by counting the cells in a N eu b a u er cham ber o r by turbidity m easurem ents. V iability of the cells was assessed by dye exclusion test w ith 0 . 1% nigrosin.
A fte r 13 -15 h cultivation at 37 °C u n d er stan d ard conditions (first passage in v itro ) the cells w ere tra n s ferre d to fresh culture m edium . T he inoculum d e n sity in the second and subsequent passages was 3 .5 -4.0 x 105 cells/ml. T he culture flasks w ere slowly ro ta te d for 2 m in every 2 h with a frequency of 2 m in -1. P yruvate was added to the culture m edium from a 1 M solution of sodium pyruvate, which was p re p a re d before every experim ent.
C ell cycle analysis
Cell cycle distribution of the cell populations was analyzed by flow cytom etry as described in [13] and [14] . T he fluorescence of D N A bound dye was m eas u red prop o rtio n ally , sto red and graphed w ith a flow cy to m eter IC P 11, Phywe G öttingen. T he q u a n tita tive evaluation of the histogram s to obtain the frac tions of cells in the various com partm ents is illus tra te d in [13] .
M easu rem en t o f m eta b o lic p a ra m eters
P ro tein co n ten t of cell cultures was quantified by the Low ry m eth o d w ith cristallized bovine serum al bum in (B ehringw erke M arburg) as standard. D N A co n ten t of cell cultures was d eterm ined fluorom etrically as described by L abarca and Paigen [15] . The relative rates of D N A and protein synthesis w ere m easured by incorp o ratio n of 2-[14C ]thym idine and U -[14C]lysine into acid insoluble fraction as described in [16] . L-Lactate prod u ctio n of the cells was assayed as described by H oh o rst [17] , glucose consum ption was m easured w ith the glucose oxidase perio d test from B o eh rin g er (M annheim ).
A T P and A D P concentrations of the cells w ere assayed by applying the luciferin/luciferase system using a B iolum at 9500 (B erth o lt). F or fu rth e r details see reference [13] . A T P and A D P in the cytosol w ere determ in e d as described by Z u u ren d o n k and T ager [18] . N A D H and N A D w ere d eterm in ed w ith a b io lum inescence system as described by Stanley [19] . F o r d eterm in a tio n o f N A D 2 ml o f cell suspension w ere d ep ro te in iz ed w ith 0.2 ml 3.3 n perchloric acid. T h e p recip itate was se p arate d by centrifugation and th e su p e rn a ta n t was n eu tralized w ith 3 n K O H . 200 nl o f th e p ro b e w ere utilized for th e assay. For d eterm in a tio n of N A D H 1 ml of cell suspension was d ep ro te in iz ed w ith 0.5 ml 1 n alcoholic K O H . For fu rth e r details of th e m eth o d see [13, 19] .
T o ta l lipids of th e cells w ere ex tracted from the perch lo ric acid p recip itate w ith chloroform /m ethanol (1:1 V /V ) as describ ed by Folch [20] and determ in ed gravim etrically (C ahn electro balance [21] .
In term e d iates of glycolysis (glucose-6-phosphate. fru c to se -1 .6-b isp h o sp h ate, glyceraldehyde-3-phosp h a te and d io x y aceto n -p h o sp h ate) w ere assayed by sta n d ard m eth o d s as described in [22] . 15 ml of cell suspension w ere d ep ro tein ized w ith 1 ml 5 n p e r chloric acid, after centrifugation th e su p e rn a tan t was n eu tralized w ith 5 m K 2C 0 3 solution; 4 ml of the e x tract w ere used fo r the d eterm in atio n in a 4 cm cu v ette [13] . [23] and fu rth e r a disco n tin u o u s assay which provides only one single e n d p o in t from each in cubation vessel. In th e last case essentially th e m e th o d of B o ru d and Strom m e [24] was ap p lied ; th e ex p erim en tal p ro ced u re is described in d etail in [13] an d [24] . 2 ml cell suspension were used fo r each analysis.
Results

P roliferation kin etics o f the cells
In o rd e r to d eterm in e the dep en d en cy of growth resp o n se of E A T cells on increasing concentrations o f p y ru v ate, we have co m p ared th e pro d u ctio n of cells in culture w ithin 24 h in th e presence of 0 .5 -20 mM py ru v ate. T he results of these ex p eri m en ts have show n (see Fig. 1 ) a steady decrease of cell grow th in p y ru v ate su p p lem en ted m edium above a co n cen tratio n of 1 m M . V iability of the cells is not significantly im p aired up to 20 mM pyruvate. W e o b served fu rth e r th a t co n cen tratio n s of 0.5 -1 mM py-mM PYRUVATE ru v ate m ay not stim ulate the proliferation of E A T cells even not at low cell densities (5 x 104 cells/m l). R esults of experim ents which d em o n strate the sig nificance of glucose for the grow th inhibiting activity of pyruvate are sum m arized in T able I. In these ex p erim ents we have taken advantage of the previous o b serv ation, th a t grow th and viability of E A T cells in glucose free m edium can be sustained by uridine [25] . In glucose free m edium su p p lem en ted w ith Table I ab o u t 5 -10% of controls w ithin 24 h (Fig. 2 A ) . In th e third passage in the presence of the sam e p y ru vate concentration the increase of cell n u m b er was in the sam e range. O n recultivation in norm al m edium an increase of cells of about 60-80% of controls was o btained. Increase of D N A of the cultures co rres ponds to the increase of cell n um ber as is d e m o n strated in Fig. 2B while the increase of pro tein (Fig. 2 C ) (Fig. 3 B ) has already attain ed a m inim um after 4 h and rem ains con stan t up to 30 h.
C ell cycle pro g ressio n
In o rd er to obtain fu rth e r inform ation on th e p ro liferation kinetics of the cells, flow cytom etric a n a lyses of the phase com position of controls and of cultures grow n in the presence of 20 m M pyruvate w ere p erform ed. T he results of a flow cytom etric analysis of a typical experim ent are sum m erized in T able II.
F rom the increase of cell n um ber and a co m p ari son of the phase com position at the beginning o f the 18 ± 1 h. From these estim ations it is concluded th at pyruvate causes a drastic re ta rd a tio n of all phases of th e cell cycle, the G l phase being less afflicted than th e S-and G 2 M com partm ent. F rom the grow th of th e control cultures a g eneration tim e of 32 h m ay be estim ated [26] .
M etabolic featu res o f the cells
T he m ost prom inent alteratio n of energy an d in term ed iary m etabolism in th e p resence of exogenous pyruvate is a considerable increase of p yruvate d eh y d rogenase activity (Fig. 4) . W ithin the first 6 h a stim ulation of the enzym e up to 15-20-fold was m easu red; the activity runs th ro u g h a m axim um and attain s 600% of controls after 24 h. T he sam e effect on the enzym e activity in v iv o was d etected in the p resen ce o f 10 mM d ich lo ro acetate, a specific ac tiv a to r o f p y ru v ate d ehydrogenase [27] . N ontoxic co n c en tratio n s of pyruvate or d ich lo ro acetate, which give rise to a m axim al activation of pyruvate d eh y d ro g en a se, have qualitatively th e sam e b ut q u a n tita tively d ifferen t influences on p ro liferatio n and D N A synthesis (Fig. 3 A ) is significantly red u ced during and after grow th in py ru v ate su p p lem en ted m edium (see T able V ). A cti vatio n of p y ru v ate dehydro g en ase does th erefo re not prim arily account for the shift o f the redox state in th e p resen ce of exogenous py ru v ate. O th er m e tab o l ic effects m ust be tak en into consideration (see dis cussion).
A nalyses o f th e in term ed iates of glycolysis have given fu rth e r in form ation. T h ese experim ents w ere u n d e rta k e n because it is know n th at pyruvate is an in h ib ito r of lactate dehydro g en ase [28] and pyruvate kinase [29] . [4] [5] [6] [7] . T hese cell types include also m alignant cells as was show n for instance for W alker C arcino-sarcom a cells [1] . T o ou r best know ledge th e re exists only one rep o rt on an inhibiting effect of p yruvate on cells in vitro: differentiation of m o u seterato/carcinom a cells is restricted by pyruvate [9] . T he actual concen tration of pyruvate req u ired fo r m aintaining inhibition of grow th of E A T cells is above 1-2 m M .
T he grow th inhibition by pyruvate of E A T cells seem s to d epend upon the presence of glucose in the culture m edium as is suggested by the experim ents in glucose free m edium supplem ented w ith uridine. T his finding is consistent w ith the assum ption th a t in term ed iates of glycolysis may play a role as grow th inhibiting factors, because glycolysis in glucose free u rid in e containing m edium is reduced by m o re than 90% [25] . T he flow cytom etric analyses of the cell cycle kinetics in the presence of 20 m M p yruvate re vealed th a t only a fraction of the cells being in G 2 M at th e beginning of the culture period e n te r m itosis an d divide w ithin 24 h, no G l -n o r S-cells pass the cell cycle during this tim e. It is evident th a t no com p lete arrest of cell grow th takes place, obviously even n o t in th e second passage in the presence of high co n cen tratio n s o f pyruvate. T he increase of D N A and of p ro tein confirm s a slow progress of the cu ltu res th ro u g h th e cell cycle, as does the rate of D N A an d p ro tein synthesis. In th e presence of low er co n c en tratio n s of p y ru v ate, a corresponding sm aller re ta rd a tio n of cell cycle progression is observed (d ata n o t show n).
O n e of th e m ost interesting aspect of these studies is th e relatio n b etw een cell p ro liferatio n , rate of aero b ic glycolysis (lactate p ro d u ctio n ) and pyruvate d eh y d ro g en ase activity, since it is well know n th at high m alignancy (low degree of d ifferentiation and fast grow th) is always com bined w ith high aerobic glycolysis and low pyruvate dehydrogenase activity [32] .
A global fu nction w hich pyruvate could m odulate is th e redox state of th e cells [33] . M illim olar con ce n tratio n s could raise the N A D /N A D H ratio by act ing as an elec tro n sink for ap p ro p riate N A D H oxido red u ctases. Stim ulation of cell p ro liferatio n and a m o re oxidizing state (higher N A D /N A D H ratio) have b een associated in som e m am m alian cells [34] alth o u g h th e co rrela tio n is not universal [35] and m ay d ep e n d on cell type. W hile an increase of N A D by p y ru v ate an d o th e r 2-oxocarboxylates w ould possibly en h an ce glycolysis and increase A T P levels, recen t ev idence from o u r lab o rato ry suggests, th a t th e elec tro n flow p er se is m o re im p o rtan t for cell cycle p ro gression and cell's transition from G l to S-phase th a n is th e p ro d u ctio n of A T P th erefro m [36] .
A fall in th e N A D /N A D H ratio (raise o f N A D H ) as is o b serv ed in E A T cells u n d er th e influence of p y ru v ate in o u r ex p erim en ts is associated w ith a d e crease o f glycolysis and inhibition of cell grow th. T he raise of th e N A D H level only transiently enhances th e oxygen co n su m p tio n ; over 24 h th ere was no in crease in oxygen u p tak e in the presence of pyruvate as co m p ared to controls [13] . This is n ot surprising because we proceed from the assum ption th a t the a sp artate-m alate shuttle of cytosolic hydrogen tra n s fer into m itochondria is im paired in the p resen ce of high concentrations of the 2-oxoacid. D ionisi et al. [37] [38] have show n, th a t th e in co rp o ratio n of [14C]thym idine and [3H]lysine into D N A and p ro tein of Y oshida A H 130 h e p a to m a cells is in hibited by pyruvate. T hese authors have also observ ed th a t th e inhibition could be com pletely rev ersed by addition of adenosine. In o u r ex p erim en ts this nucleoside had no effect on th e inhibi tio n o f cell pro liferatio n of E A T cells by p yruvate, r a th e r th e inhibitory activity was enhanced [13] .
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